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An experimental investigation has been conducted to study the mechanical properties of remolded Tunis soft soil reinforced by a group of sand
columns. The tested soft soil, extracted from the city center of Tunis at a depth of 15 m, has poor mechanical properties, and its moisture-
sensitivity is very important. Specimens were initially slurry mixed at 1.5 times their liquid limit. They were then remolded at an initial K0
consolidation path up to a vertical stress of 140 kPa. The holes, initially made in the specimens, were afterwards ﬁlled with standard sand which
simulated the reinforcing column material. All the reinforced soil specimens were then subjected to consolidated undrained triaxial shear tests
with measured excess pore-pressure (CUþu). Three conﬁning pressures of 100, 200, and 300 kPa were applied during the consolidation phase.
In addition to the unreinforced control specimen, three different types of reinforced specimens were used, namely, reinforced specimens with a
single column, three columns, and four columns. All the reinforced specimens had the same area replacement ratio. The test results have shown
that the number of reinforcing columns has a signiﬁcant effect on the mechanical characteristics of the reinforced soft soil.
& 2015 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The soil of the plateau of Tunis, Tunisia is composed of
three main formations: a 7-m ﬁll layer (from a depth of 1 to
8 m), soft soil (from a depth of 8 to 70 m), and a sandy-clay
layer that is assumed as a rigid substratum (Touiti et al., 2009;
Tounekti et al., 2008).
The ﬁrst twenty meters of the Tunis soft soil layer is used as
the foundation level for the majority of buildings in Tunis City.
Tunis soft soil is considered as a problematic soil because of its
low strength and high compressibility. For this reason, the
design of foundations to be built on Tunis soft clay requires a10.1016/j.sandf.2014.12.014
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der responsibility of The Japanese Geotechnical Society.thorough study of both the short-term and long-term behaviors.
According to the results of classiﬁcation tests performed by
Klai and Bouassida (2009), Tunis soft clay is a very plastic
muddy soil with a high proportion of silt and varied clay
fractions. Saturated Tunis soft clay is classiﬁed as a highly
plastic silt with a very low consistency (Bouassida, 2006).
Building on such a problematic soil requires the use of deep
piles with lengths that can reach up to 50 m. Thus, for
economic reasons, soil-improvement techniques could present
a solution to problems encountered when founding on Tunis
soft soil. Among the various current methods for improving in-
situ soils, stone columns are considered to be a cost-effective
soil-improvement technique especially for soft soils (Andreou
et al., 2008; Frikha et al., 2014). The use of reinforcing tech-
niques that apply stone or sand columns results in an increase
in bearing capacity as well as a reduction and acceleration inElsevier B.V. All rights reserved.
Nomenclature
A total cross-sectional reinforced area
AC cross-sectional area of stone columns
B Skempton coefﬁcient
Cu coefﬁcient of uniformity
cU qmax/2
cs shear strength of untreated soil (shear strength)
cc shear strength of stone column constitutive
material
Dc diameter of column
H length of column
IP plasticity index
n column number
M slope of critical state line
Pc perimeter of single column
Pt perimeter of reinforced soil (composite cell)
p¼ σ1þ2σ3=3 mean stress
p0 effective mean stress
q¼ σ1σ3 deviator stress
qmax peak deviator stress
R radii of total cross-sectional reinforced area
RCn radii of cross-sectional area of one stone column
S spacing between columns
SLC lateral surface of single column of radius RC
SLCi lateral surface of one column belonging to group
of n columns having same radius RCn
u excess pore water pressure
ω natural water content
ωl liquid limit
ωp plastic limit
σ03 triaxial conﬁning pressure
σ1 axial pressure
εa axial strain
φ0 effective friction angle
η area replacement ratio
γd dry unit weight
χ contact coefﬁcient
W. Frikha et al. / Soils and Foundations 55 (2015) 181–191182consolidation settlement. Furthermore, the rapid installation
process has made this technique quite competitive compared to
other soil-improvement techniques (Frikha et al., 2008; Frikha
and Bouassida, 2014).
Several laboratory investigations have been conducted to
estimate the performance of soft soil reinforced by granular
columns (Juran and Guermazi, 1988; Bouassida, 1996; Wood
et al., 2000; Sivakumar et al., 2004; Black et al., 2007;
Andreou et al., 2008; Frikha et al., 2013, 2014). The main
objectives of these studies were to validate some theoretical
results and to evaluate the effects of the main design
parameters on the overall behavior of the reinforced soil, such
as the applied load, the improvement area ratio, the boundary
conditions, the column installation techniques, the grain size
distribution of the column material, the column length, etc.
(Frikha, 2010).
The group effect of stone—column reinforcement was
studied using ﬁeld tests (Goughnour and Bayuk, 1979;
Munfakh et al., 1984, etc.) and centrifuge tests to evaluate
the general failure mechanisms (Terashi et al., 1991) and the
extent of the improvement (Kimura et al., 1983).
Kaffezakis (1983) performed triaxial tests on clay specimens
reinforced by a group of stone columns. He reported a
signiﬁcant increase in the lateral stress developing within the
stone columns which increased as the number of columns
within the group increased.
Bachus and Barksdale (1984) concluded that there is only a
slight increase in the ultimate load bearing capacity per column
when the number of columns increases. However, in their
tests, the effect of lateral conﬁnement was more signiﬁcant
since the reinforcing columns were set close to the borders of
the testing box.
Hu (1995) built a laboratory-scale model to examine
the behavior of a cohesive soft soil reinforced by a group of
stone columns supporting a rigid footing. He found thatreinforcement by a group of columns is more effective than
that by an isolated column. The interaction between the
columns and the soft clay was found to efﬁciently contribute
to the enhancement of the load bearing capacity and to provide
a wider transfer of loading.
Wood et al. (2000) commented on the tests performed by
Hu (1995) and conﬁrmed that the mode of failure for each
column, in the case of group-column reinforcement, depends
on its location within the group, its length, and the type of
loading. Their results showed that the pre-failure mechanisms
and the failure modes of a stone-column group are different
from those observed for a single column. They reported that
the area replacement ratio affects the extent of the columns'
interaction and the load transferred to the soft clay in between
the columns. This research concluded that a signiﬁcant
improvement in the bearing capacity depends on a minimum
area replacement ratio of 25%.
Black et al. (2007) found that clay specimens reinforced by
a single end-bearing column (fully penetrating column over the
specimen length) show a 33% increase in strength. They noted
that the installation of a group of columns, with the same area
replacement ratio, does not provide any particular difference in
load-carrying capacity. With regard to the settlement under
drained conditions, a group of columns brings about a
signiﬁcant difference in the stiffness of the composite material.
The results, presented by Black et al. (2007), indicate that a
group of columns can lead to a possible reduction in stiffness
when compared to a single column with similar area replace-
ment ratios.
Ambily and Gandhi (2007) reported that the stiffness of a
single column and that of a group of six columns (spaced apart by
more than 3 times the column diameter) are almost comparable. It
has been noted, using the unit cell concept, that the behavior of a
single column can simulate the ﬁeld behavior of an interior
column belonging to a group of columns.
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Fig. 1. Gradation curve of tested materials (Tunis soft soil and normalized CE
sand).
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ment area ratio, an increase in the number of columns does
improve the strength characteristics of reinforced soil, while other
researchers conﬁrmed that there is no difference between the
behavior of a single column and that of a group of columns.
The main goals of this paper are to evaluate the effect of
reinforcement by a single column and by a group of sand
columns on the strength characteristics of Tunis soft soil and to
examine the effect of the contact surface between the columns
and the soft soil on the shear strength of the improved soil. To
achieve these objectives, an experimental study using con-
solidated undrained triaxial tests with excess pore pressure
measurements (CUþu) were carried out on remolded Tunis
soft soil specimens reinforced with sand columns.
Due to the enhanced drainage property of reinforcing sand
columns, the consolidation of soft soil is highly accelerated.
Hence, at this stage, the reinforced soil can be considered
consolidated. As the applied load occurs rapidly, this second
phase simulates the undrained behavior of reinforced soil.
Therefore, it is more appropriate to study the experimental
behavior of reinforced soil using the CUþu triaxial test, since
it reproduces the in-situ construction conditions during which
non-negligible excess pore pressure is measured. Furthermore,
the CUþu test enables the determination of the short-term
strength characteristics of the reinforced soil and the deduction
of the long-term shear strength properties.
The above tests were performed by varying the number of
columns (one, three, and four) and the conﬁning stress
(σ
0
3¼100, 200, and 300 kPa) for a ﬁxed area replacement
ratio denoted as “η”. The column diameters of the specimens
reinforced by one, three, and four columns were 3.40, 2.00,
and 1.60 cm, respectively. The results of the tests are discussed
and compared with the results of tests performed on an
unreinforced soft soil specimen.
The performance is quantiﬁed by a prediction of the strength
properties to evaluate the safety factors of the improved soil
(after the column installation), and the homogeneous equiva-
lent values of the shear strength parameters (c and φ) replacing
the real composite material (soft soil-stone columns). As
suggested by Christoulas et al. (1997), the equivalent strength
characteristics can be determined using the law of mixtures as
c¼ 1ηð Þcsþηcc ð1Þ
tan φ¼ 1ηð Þ tan φsþη tan φc ð2Þ
where
cs and φs are the shear strength parameters of the soft soil
(cohesion and friction angle, respectively), cc and φc are the
shear strength parameters of the constitutive material of the
columns, η is the area replacement ratio (AC/A), A is the total
cross-sectional loaded area, and AC is the cross-sectional area
of the stone columns.
Note that Eqs. (1) and (2) predict the equivalent shear strength
characteristics of the reinforced soil only from the shear strength
characteristics of the soft soil and the column material. Such a
consideration relies on the expressions proposed by Bouassida
et al. (1995) who demonstrated, in the limit analysis framework,that the homogenized strength characteristics of the reinforced
soil only depend on the shear strength of the initial soil and
column material and on the area replacement ratio. It is noticed
that Frikha et al. (2014) found a reasonable agreement between
the predicted equivalent characteristics and the experimental
results obtained for clayey soil reinforced by a sand column.
However, Bergado et al. (1996), for example, suggested that the
homogenized strength characteristics also depend on the stress
concentration ratio that describes the behavior of reinforced soil
in the pre-failure phase.2. Studied soil
The tested soft soil is gray in color, contains shell debris,
and has a characteristic smell. The material used to make the
reinforcing columns is siliceous sand classiﬁed as CEN in
accordance with the European standards EN 196-1. The sand
particles are generally isometric and rounded in shape. The
coefﬁcient of uniformity of the CEN sand is Cu¼6 and its dry
unit weight is γd¼16 kN/m3. The grain size distributions of
Tunis soft soil and CEN Standard sand are depicted in Fig. 1.
It is noticed that 60% of the particles of Tunis soft soil are
smaller than 2 μm and 98.3% are smaller than 80 μm.
As seen in Fig. 1, the mean particle diameter, D50, of the
CEN Standard sand is 0.7 mm. To justify the sand, a
comparison between the ratio of the diameters of the scale-
tested column (1.6 cm, 2.0 cm, and 3.4 cm) and the average
diameter of the stone columns in in-situ practice (80–120 cm)
is considered. This ratio (Dmodel/Din-situ), between 0.013 and
0.043, is considered to be equal to the ratio of the mean
particle diameter, D50, of the scale test and the in-situ columns
(D50model/D50in-situ). The grain size of the stone column
material, commonly used in the ﬁeld, is of the order of 0.8–
4 cm (Standard NF P 11-212, Dhouib and Blondeau, 2005). It
is noted that the sand employed in the scaled tests corresponds
to granular material with D50¼1.6–5 cm (i.e., D50/0.013
D50/0.043), which conforms to the practiced grain size.
The friction angle of normalized CE sand is φ0 ¼41.81 that
also satisﬁes the Standard NF P 11-212. This standard
recommends minimum values for the friction angle of stone
column material equal to φ0 ¼401 for crushed material and
W. Frikha et al. / Soils and Foundations 55 (2015) 181–191184φ0 ¼381 for rolled material. The friction angle for the standard
sand was chosen to be high enough to essentially provide a
satisfactory increase in shear strength, as speciﬁed in the
French Standard [reference].
The properties of Tunis soft soil are a liquid limit of ωl¼
66.5%, a plastic limit of ωp¼23.9%, a plasticity index of
IP¼42.6%, a natural water content of ω¼74%, a compression
index of Cc¼0.64, and an oedometer modulus of E¼1700
kPa. According to the French Standard XP P 94-011 classiﬁ-
cation, the tested soft soil is classiﬁed as a highly plastic clay.3. Experimental procedure
The ﬁrst step consists of wet sieving the natural soft soil
through a 100-mm sieve. Then, the sieved soft soil is air-dried
until its moisture content reaches 100%, which represents
approximately 1.5ωl.
The second step is to subject the slurry material to a vertical
pre-consolidation pressure of K0 in a special mold (consolid-
ometer container). The consolidometer is a metallic hollow
cylinder, 7 cm in internal diameter and 25 cm in height
(Fig. 2). It is equipped with either 1, 3, or 4 vertical thin
mold tubes covered by ﬁlter paper to create the holes where the
normalized sand columns are subsequently installed. The
diameters of the inner mold tubes are deduced from the ﬁxed
value of the area replacement ratio (η¼22%) and the number
of columns. In fact, to calculate the column radius, the
following equation is used:
η¼
∑
i
Aci
A
¼ nACn
A
¼ n RCn
R
 2
ð3Þ
where n is the number of columns, R is the radius of the total
cross-sectional reinforced area, and RCn is the radius of the
cross-sectional area of a single column.
Therefore, from Eq. (3), the radius of the cross-sectional
area of a single column is
RCn ¼ R
ﬃﬃﬃ
η
n
r
: ð4Þ25 cm
R = 0R = 1.0 cmR = 1.7 cm
7 cm 7 cm 7 c
Fig. 2. K0 consolidaIn the case of a single column conﬁguration (n¼1), Eq. (4)
becomes
RC ¼ R ﬃﬃηp : ð5Þ
From Eqs. (4) and (5), the radius of the inner mold tubes,
used for the reinforcement of clayey specimens with one,
three, and four columns, are 1.70, 1.00, and 0.80 cm, respec-
tively (Fig. 2).
The inner surface of the consolidometer is lubricated with
silicone grease prior to the slurry placement in order to reduce
the effects of roughness, and therefore, allow an easy
unmoulding of the specimens. The inner surface of the
consolidometer is also lined with ﬁlter paper to accelerate
the consolidation. The slurry is then carefully placed into the
mold, using a spoon, where it is frequently tamped with a
plastic tamper to avoid the formation of air during the ﬁlling
phase. When the predetermined specimen height is attained,
the consolidation loading cap is placed to start the loading
phase. The specimens are consolidated under a vertical stress
of 140 kPa for at least ten days. At the end of the consolidation
phase, the specimen height is 14 cm and the diameter is 7 cm.
During the pre-consolidation phase, drainage is allowed at the
top and bottom of the specimen through the installed upper and
lower porous stones. A dial gauge on the loading cap is used to
measure the axial deformation of the tested specimen. The
consolidation is considered to be complete when quasi-
constant axial deformation is recorded. The pressure is then
reduced to zero and the loading cap is removed. The tubes are
then gently removed and the soft clay sample is placed in the
triaxial cell.
The cavities of the pre-consolidated specimen (after unmold-
ing and removing the internal tubes) are ﬁlled with a dry sand
in small layers (20 gr of sand per layer), in order to attain the
ﬁnal length of the column (140 mm). Each layer is compacted
by a plastic tamper. The same weight (20 g) of dense
compacted sand is considered for the column installation in
all tests. Fig. 3 presents the reinforced samples in post pre-
consolidation and the installation of the columns.
The reinforced soil specimen is ﬁnally reconsolidated and
saturated in the triaxial cell under three isotropic conﬁning
pressures, namely, σ03 of 100, 200, and 300 kPa..8 cm
m
tion apparatus.
Fig. 3. Example of reinforced sample after préconsolidation and installation of columns.
Table 1
Summary of test data.
Test name σ0 (kPa) σ3 (kPa) Repetition Number of columns Substitution ratio η
M_CU100_0C 140 100 2 0 0
M_CU200_0C 140 200 2 0 0
M_CU300_0C 140 300 2 0 0
M_CU100_1C 140 100 2 1 22%
M_CU200_1C 140 200 2 1 22%
M_CU300_1C 140 300 2 1 22%
M_CU100_3C 140 100 1 3 22%
M_CU200_3C 140 200 1 3 22%
M_CU300_3C 140 300 1 3 22%
M_CU100_4C 140 100 1 4 22%
M_CU200_4C 140 200 1 4 22%
M_CU300_4C 140 300 1 4 22%
σ0: Vertical preconsolidation pressure applied before triaxial test.
Fig. 4. (a) Stress–axial strain curve during triaxial shear test for unreinforced specimen. (b) Pore pressure–axial strain curve during triaxial shear test for
unreinforced specimen.
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Fig. 6. Observed failure of Tunis soft soil specimen reinforced by four sand
columns subjected to triaxial test.
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Fig. 7. Peak values of deviatoric stress versus number of columns for
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The experimental program included 13 tests, as summarized
in Table 1. An axial displacement rate of 0.03 mm/min was
used in accordance with the AFNOR NF P 94-074 (1994).
These tests comprised the following steps:
Step 1: The specimen is subjected to full saturation so that
the recorded Skempton coefﬁcient deﬁned as B¼Δu=Δσ3
is495%.
Step 2: The specimen is subjected to isotropic consolida-
tion, under conﬁning pressures of б03¼б1¼100, 200 or
300 kPa until a quasi-constant volume variation is observed.
Step 3: Shear loading is applied at a constant conﬁning
pressure under undrained conditions with the measured
excess pore pressure up to specimen failure.
As observed in Table 1, most of the tests were performed
twice to assure testing repeatability, and therefore, to validate
the experimental procedure and testing equipment.
5. Results and interpretation
Figs. 4 and 5 present typical results of the triaxial tests carried
out on unreinforced and reinforced specimens with single, three,
and four columns subjected to different conﬁning pressures. These
ﬁgures show the variations in deviator stress, q ¼ б1б3 ¼
б
0
1б
0
3, calculated as the difference in total stress between the
axial principal stress and the radial principal stress, and the excess
pore pressure (Δu), respectively, with respect to the calculated axial
strain under undrained conditions. Axial strain εa is calculated as
the measured displacement divided by the specimen's initial height.
Fig. 6 shows a cross-section of a Tunis soft soil specimen
reinforced by sand columns in the post-failure phase. This
ﬁgure illustrates well that the soft soil yielded due to the lateral0 2 4 6 8 10 12
0
50
100
150
200
250
300
350
De
vi
ato
r q
 (k
Pa
)
Axial strain εa(%)
M_ C  U  3 0 0_ 1 C
M_ C  U  3 0 0_ 3 C
M_ C  U  3 0 0_ 4 C
M_ C  U  2 0 0_ 1 C
M_ C  U  2 0 0_ 3 C
M_ C  U  2 0 0_ 4 C
M_ C  U  1 0 0_ 1 C
M_ C  U  2 0 0_ 3 C
M_ C  U  2 0 0_ 4 C
Fig. 5. (a) Stress–axial strain curve during triaxial shear test for specimen reinforced
specimen reinforced with columns.expansion of the reinforcing column. Such behavior results
from typical triaxial loading where failure is due to the increase
in deviator stress.0 2 4 6 8 10 12
0
20
40
60
80
100
120
140
160
M_ C  U  3 0 0_ 1 C
Δu
 (k
Pa
)
Axial strain εa(%)
M_ C  U  3 0 0_ 3 C
M_ C  U  3 0 0_ 4 C
M_ C  U  2 0 0_ 1 C
M_ C  U  2 0 0_ 3 C
M_ C  U  2 0 0_ 4 C
M_ C  U  1 0 0_ 1 C
M_ C  U  2 0 0_ 3 C
M_ C  U  2 0 0_ 4 C
with columns. (b) Pore pressure–axial strain curve during triaxial shear test for
0 1 2 3 4
0
20
40
60
80
100
120
140
160
Δ u
m
ax
(k
Pa
)
Number of columns
 M_CU100 (σ '=100kPa)  M_CU200(σ '=200kPa)  M_CU300 (σ '=300kPa)
Fig. 8. Peak values of pore pressure versus number of columns for б03¼100 kPa,
б03¼200 kPa, and б03¼300 kPa.
0 50 100 150 200 250 300 350
0
20
40
60
80
100
120
q m
ax
σ3 (kPa)
 M_C U_0 C
 M_C U_1 C
 M_C U_3 C
 M_C U_4 C
Fig. 9. Peak values of deviatoric stress versus conﬁning stress.
W. Frikha et al. / Soils and Foundations 55 (2015) 181–191 187The variations in deviator stress and excess pore pressure
peaks, as a function of the number of columns, are drawn in
Figs. 7 and 8, respectively, for different conﬁning stresses. It is
clear that for all conﬁning stresses, the values of the peak
deviator stresses increase with the number of columns (nZ1),
although the area replacement ratio is kept constant (η=22%).
When the number of columns increases from one to three, the
peak deviator stress increases by 14%, 9%, and 6% for
conﬁning stresses of 100, 200, and 300 kPa, respectively.
Moreover, when the number of columns increases from one to
four, the peak deviator stress increases successively by 31%,
24%, and 16%, respectively, for the same conﬁning stresses. It
can then be noticed that as the conﬁning stress decreases, the
number of columns has a greater effect on the ultimate
capacity of the reinforced Tunis soft soil. It can also be
deduced that for small conﬁning stress, in the in-situ practice
of stone–column reinforcement, the effect of the increase in the
number of columns on the shear strength (ultimate bearing
capacity) is more pronounced at the soil surface than deeper in
the foundation.
The experimental study performed by Ambily and Gandhi
(2007) showed that the stiffness behavior of improved soil
with a single column is comparable to that of soil reinforced by
a group of six columns (arranged with spacing more than 3
times the column diameter). In addition, they noted that the
single column behavior can simulate the ﬁeld behavior for an
interior column when a large number of columns is simulta-
neously loaded. The area replacement ratio adopted in their
tests is η¼10%, whereas, in the present tests, for the same
ratio of spacing to diameter of the columns, denoted as S/Dc
(3.03 and 3.09 for improved Tunis soft soil with groups of
three and four columns, respectively) and with a ﬁxed area
replacement ratio (η¼22%), it can be observed that the
ultimate bearing capacity of the soil improved by the columns
is more signiﬁcant when the number of columns increases.
Black et al. (2007) have compared the bearing load-capacity
under the undrained loading conditions of clay specimens
reinforced by a single column and a group of three sand
columns with an area replacement ratio of 10% and 12%,
respectively. The reinforcing effect by three columns at
η¼12% is more signiﬁcant than the effect given by a singlecolumn at η¼10% (the bearing load-capacity varied from
70 kPa to 87 kPa). However, Black et al. (2007) proposed
taking into account the higher area replacement ratio (almost
20%) of the three reinforced column specimens and stated that
the relative increase in strength is independent of the column
conﬁguration. In the present results, however, using the same
ratio of H/D (¼4.1 to 8) for the tested specimens as in the
Black et al. (2007) tests, only the variation in the number of
reinforcing columns was considered and the improvement area
ratio was kept constant (η¼22%); that is different from the
values considered by Black et al. (2007) (η¼10% and 12%).
Therefore, the increase in bearing capacity is interpreted
differently for the two experiments.
Hu (1995) and Wood et al. (2000) compared the effect of
the columns' group conﬁguration with respect to the single
column and concluded that the behaviour of a group of
columns is different from that observed for a single column,
namely, the interaction between the columns and the clay tends
to improve the load bearing capacity more efﬁciently and
provide a wider load transfer. Note that, for a single column,
the load is only applied on a section of the column.
It can also be observed from Fig. 9 that, for all specimens,
the peak deviator stress (qmax) increases when the conﬁning
stress increases from 100 to 300 kPa. For unreinforced speci-
mens, peak deviator stress qmax increases by 246% (from 54.80
to 135.10 kPa) when the conﬁning stress increases from 100 to
300 kPa. For reinforced specimens with one, three, and four
columns, qmax increases by 267% (from 95.31 kPa to 254.10),
265% (from 107.99 to 270.30 kPa), and 237% (from 124.11 to
295.12 kPa), respectively, when the conﬁning stress increases
from 100 to 300 kPa. It can be noticed, however, that there is a
slight decrease in excess pore pressure for all specimens, due
to the increase in the number of columns, as well as in the
conﬁning stress.
For a saturated soil, the variation in excess pore pressure, u,
must be equal to that of the mean total stress under undrained
isotropic loading conditions. Fig. 10 shows in the (p, q) and
(p0, q) planes the measured total and effective stress paths
during different types of undrained triaxial shear tests carried
out on reinforced Tunis soft soil. The total mean stress is
p¼ σ1þ2σ3=3) and p0 denotes the effective mean stress,
namely, p0 ¼p–u.
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Fig. 10. Effective and total stress paths for (a) unreinforced specimen of clay, (b) specimens reinforced with single column, (c) specimens reinforced with three
columns, and (d) specimens reinforced with four columns under consolidation stresses of 100 kPa, 200 kPa, and 300 kPa.
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Fig. 11. Drained frictional angle versus number of columns.
W. Frikha et al. / Soils and Foundations 55 (2015) 181–191188The critical line corresponds to the state where the soil
specimen yields at a constant volume. The state of the effective
stress is characterized by the slope of the critical line. Using
the Mohr–Coulomb yield, coefﬁcient M is written as a function
of effective friction angle φ' as follows:
M ¼ 6 sin φ
0
3 sin φ0 : ð6Þ
Fig. 10 a, b, c, and d presents the critical line results in the
(p0, q) plane for an unreinforced clay specimen, and reinforced
soil specimens with one, three, and four columns, respectively,
tested at different conﬁning stresses. From these ﬁgures, the
slope of the critical line is M¼0.67 (i.e., φ0 ¼17.61) for the
unreinforced specimen, M¼0.944 (i.e., φ0 ¼24.11) for the
specimen reinforced with a single column, M¼0.966 (i.e.,
φ0 ¼24.61) for the specimen reinforced with three columns,
and M¼0.981 (i.e., φ0 ¼24.91) for the specimen reinforced
with four columns. These results indicate that the effective
friction angle of a specimen reinforced with a single column is
37% higher than that of unreinforced specimen. Such results
illustrate well the importance of the granular column technique
by increasing the effective friction angle of Tunis soft soil.
In addition, Fig. 11 shows that the effective friction angle
increases with the number of columns. In fact, when the
number of columns increases from one to three, the friction
angle increases slightly by 2%, and when the number of
columns increases from one to four, the friction angle increases
slightly by 3%.Using the law of mixtures (Eq. (2)) with an area replacement
ratio of 22% and a sand friction angle of 41.81, the equivalent
friction angle is φ0 ¼23.951, that is, slightly lower than the
measured friction angle of the specimen reinforced with a
single column (φ0 ¼24.11). It can be observed that the law of
mixtures provides an acceptable approximation of the effective
friction angle of Tunis soft soil reinforced by a single sand
column. However, a correction should be made for the
prediction of the friction angle of clayey soil reinforced with
several columns. Indeed, as the number of reinforcing columns
increases from one to four, with a ﬁxed area replacement ratio,
the friction angle increases slightly.
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Fig. 12. Undrained shear stress versus number of columns for б03¼100 kPa,
200 kPa, and 300 kPa.
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W. Frikha et al. / Soils and Foundations 55 (2015) 181–191 189Moreover, for consolidated undrained triaxial tests (CUþu),
the undrained shear strength is deﬁned as half of the peak
deviator stress ðcU ¼ ðqmax=2Þ ¼ ðσ1σ3=2ÞÞ, the law of mix-
tures (1), with an area replacement ratio of 22%, leads to an
equivalent undrained shear strength that depends on the
conﬁning stress when varied from 100 kPa to 200 kPa to
300 kPa, as shown in Fig. 12. The predicted values for the
undrained shear strength are also comparable to those mea-
sured for a specimen reinforced by a single column. A
correction should also be made when predicting the undrained
shear strength of Tunis soft soil reinforced with several
columns. It is found that the undrained shear strength is also
higher as the number of reinforcing columns increases from
one to four.
When the number of columns increases at a ﬁxed area
replacement ratio “η”, the contact surface between the reinfor-
cing columns and the clayey soil increases and results in an
increase in the soil–column interface friction, which enhances
the strength properties of the reinforced soft clayey soil. To
take into account the variation in contact surface between the
sand columns and the surrounding Tunis soft soil when the
number of column increases, a coefﬁcient of contact denoted
as “χ” is proposed. For a given replacement area ratio, the ratio
of the total contact surface between the clayey soil and the
group of columns to the contact surface between the clayeysoil and a single column is deﬁned by
χ nð Þ ¼
∑
n
i ¼ 1
SLCi
SLC
¼ n 2πRCnH
2πRCH
¼ n RCn
RC
 
ð7Þ
where SLC is the lateral surface of a single column of radius
RC, SLCi is the lateral surface of one column belonging to a
group of n columns having the same radius RCn , and H is the
length of a column.
Substituting Eqs. (4) and (5) into Eq. (7), the contact
coefﬁcient “χ ” is identiﬁed as the square root of the number
of columns, namely,
χ nð Þ ¼ ﬃﬃﬃnp ð8Þ
For the present study, the value of contact coefﬁcient “χ”
varied between 0 (unreinforced soil) and 2 (case of a group of
4 columns). The strength characteristics of the reinforced soil
are studied subsequently as a function of coefﬁcient “χ”.
Fig. 15 shows the variation in drained friction angle versus
contact coefﬁcient “χ”. It is noticed that the friction angle
increases quasi-linearly with coefﬁcient “χ”. Based on the
measured data, shown in Fig. 13, the drained friction angle φ0
of the reinforced Tunis soft soil with a group of columns was
correlated with contact coefﬁcient “χ” and the friction angle of
W. Frikha et al. / Soils and Foundations 55 (2015) 181–191190reinforced Tunis soft soil with single column tan φ0 χ ¼ 1ð Þ
tan φ0 χð Þ ¼ tan φ0 χ ¼ 1ð Þþ0:016 χ1ð Þ ð9Þ
Fig. 14 shows the variation in undrained shear strength as a
function of contact coefﬁcient “χ” for different conﬁning
stresses. It is noticed that the undrained shear strength
increases quasi-linearly with coefﬁcient “χ” (for nZ1).
The ratios cU(n)/cU(n¼1) and Δu(n)/Δu(n¼1) represent the
normalized undrained shear strength and the unit pore pressure
peak variations for nZ1, respectively. The variations in these
normalized ratios, as a function of contact coefﬁcient “χ”, are
sketched in Fig. 15.
The ratio of normalized undrained shear strength cU(n)/
cU(n¼1), of the specimen reinforced by a single column,
increases with contact coefﬁcient “χ” and decreases with the
conﬁning stress. The maximum value of ratio cU(n)/cU(n¼1)
equals 31% when reinforcement by 4 columns is considered
with a conﬁning pressure of 100 kPa. Moreover, it is observed
that the effect of the number of columns is more pronounced at
a lower conﬁning pressure, i.e., between 1 and 4 columns, the
undrained cohesion increases by 31% for a conﬁning stress of
100 kPa and by 20% for conﬁning pressure of 300 kPa,
whereas a decrease in the normalized pore pressure peak is
more pronounced at a higher conﬁning stress when the number
of reinforcing columns increases.
From Fig. 15, it is deduced that the undrained shear strength
values of Tunis soft soil reinforced with a group of granular
columns depends on the surface contact between the granular
columns and the Tunis soft soil. This contact surface increases
with the number of columns, and therefore, leads to the
improvement of the strength properties of the reinforced soil.
6. Conclusion
The group of column models was tested without any
reproduction. The experimental work presented herein consti-
tutes a ﬁrst attempt to see whether or not the group effect has
some inﬂuence on the bearing capacity of reinforced clayey
soil by the granular group of columns. The results of the
various tests have led to the following conclusions: For a ﬁxed area replacement ratio value (η¼22%), the
increase in reinforcing columns leads to the improvement of
the undrained shear strength and the effective friction angle
due to the decrease in pore pressure. The interaction between a group of columns and the soft
clay tends to improve the distribution of the load bearing
capacity. The results exhibit that the effective friction angle for a
single column specimen is 37% higher than the obtained
value for unreinforced Tunis soft soil specimen. This
demonstrates interest for reinforcing Tunis soft soil. The friction angle increases slightly with the number of
columns. The improvement in the undrained shear strength of the
specimen reinforced by a group of columns, compared to
that reinforced by a single column, cU(n)/cU(n¼1),increases with the number of columns and decreases with
the conﬁning stress. The effect of the number of columns seems to be more
pronounced at small levels of conﬁning pressure However,
the decrease in peak pore pressure is more pronounced at
higher conﬁning stress when the number of columns
increases. A coefﬁcient of contact, “χ”, was introduced to take into
account the contact surface between the columns and the
soft soil. Both the increase in the total undrained shear
strength and the drained friction angle have been predicted,
at a ﬁxed area replacement ratio, when the reinforcement is
made by several columns.
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